RNA interference (RNAi) using double-stranded RNA has been used for the systematic analysis of gene function in invertebrate organisms. Here we have explored the use of short interfering RNA (siRNA) to knock down gene expression during the development of mammalian postimplantation embryos. The developing CNS system of embryonic day 10 mouse embryos was used as a model tissue. siRNA prepared by endoribonuclease digestion (esiRNA) was injected into the lumen of the neural tube at specific regions and delivered into neuroepithelial cells by directed electroporation. Injected and electroporated embryos were grown for 1 day in whole-embryo culture and the effects of RNAi were examined. esiRNA directed against ␤-galactosidase (␤-gal), coelectroporated into neuroepithelial cells together with reporter plasmids expressing GFP and ␤-gal, abolished expression of ␤-gal but not GFP, showing the specificity of the esiRNA-mediated RNAi. To demonstrate RNAi of endogenous gene expression, we used heterozygous embryos of a knock-in mouse line expressing GFP from the Tis21 locus, a gene turned on in neuroepithelial cells that switch from proliferation to neurogenesis. GFP-directed esiRNA electroporated into neuroepithelial cells of such embryos blocked the GFP expression normally occurring on the onset of neurogenesis. Taken together, our data indicate that esiRNA delivered in a tissuespecific manner by topical injection followed by directed electroporation can efficiently silence endogenous gene expression in mammalian postimplantation embryos.
U
nderstanding the function of genes requires methods that allow manipulation of gene expression. The discovery that double-stranded RNA (dsRNA) can be used for RNA interference (RNAi) in certain invertebrates and plants has allowed the systematic analysis of gene function in these organisms (1) (2) (3) (4) (5) (6) . In most mammalian cells, however, dsRNA triggers the IFN response, which leads to general shutdown of gene expression and͞or cell death (7) . dsRNA is therefore not useful for gene function analysis in most mammalian cells. In contrast, short interfering RNA (siRNA), which can either be added to cells exogenously or produced intracellularly from DNA templates expressing short hairpin RNAs (8-10), does not trigger the IFN response, but it is an efficient mediator of posttranscriptional gene silencing in mammalian cell lines (8, (11) (12) (13) .
To understand gene function in a physiological context, however, methods are required that allow their investigation in complex systems such as the whole animal. In the mouse, gene function can be studied through gene targeting by using homologous recombination in embryonic stem cells. However, the generation of gene knockout mice is cost, time, and labor intensive. We therefore explored the possibility of using exogenously added siRNA to trigger RNAi in mice, focusing on mouse postimplantation embryos.
Whole-embryo culture supports the normal development of mouse postimplantation embryos for up to 2 days in vitro (14) . In addition, whole-embryo culture can conveniently be combined with various methods of introducing foreign DNA into cells of the developing embryo, including electroporation (15) (16) (17) . By using the neuroepithelium of embryonic day (E) 10 mouse embryos as a model target tissue, we investigated the use of electroporation as a possible means of introducing siRNA, specifically endoribonuclease-prepared siRNA (esiRNA), into neuroepithelial cells in defined regions of the developing CNS, to achieve tissue-and region-specific RNAi during subsequent development in whole-embryo culture.
Methods
Preparation of esiRNA. esiRNA was prepared as described (13) . In brief, ssRNA was obtained from PCR-derived templates carrying T7 and T3 promoters by using the MEGAscript kit from Ambion (Austin, TX). The following primers were used: T7-␤-galactosidase (␤-gal), 5Ј-TAATACGACTCACTATAGGGAG-AATCGTAATCACCCGAGTGTGA; T3-␤-gal, 5Ј-AATTAC-CCTCACTAAAGGGAGCCCTAATCCGAGCCAGTTTA;  T7-EGFP, 5Ј-TTAATACGACTCACTATAGGTGAGCAA-GGGCGAGGA; and T3-EGFP, 5Ј-TAATTAACCCTCACTA-AAGGGTACAGCTCGTCCATGCCGA. Annealed dsRNA (100 g) was digested with 0.2 g RNase III for 1 h at 20°C. The sample was mixed with 5 vol of PN buffer (Qiagen, Hilden, Germany) and loaded onto a QIAquick column (Qiagen). The flowthrough, containing dsRNA of 15-40 bp, was precipitated with 0.7 vol of 2-propanol. The pellet was washed with 750 l of 70% ethanol and dissolved in 1 M EDTA, 10 M Tris⅐HCl (pH 8.0) to an RNA concentration of 0.5 g͞l.
Whole-Embryo Electroporation and Culture. Manipulation of mouse embryos was performed at room temperature in Dulbecco's PBS containing 10% of heat-inactivated FCS and 100 units͞ml penicillin͞streptomycin. E10 embryos were dissected from the uterine walls and freed of decidua capsularis and Reichert's membrane, and the yolk sac was opened. For injection and electroporation (16) , embryos were immobilized in a mould of agarose. By using a glass capillary controlled by a standard micromanipulator (Narishige MN-153, Tokyo) and connected to a pneumatic PicoPump (PV820, WPI Instruments, Waltham, MA), 0.3-0.6 l (corresponding to Ϸ1͞10 of the luminal volume of the anterior neural tube) of PBS containing 1-4 g͞l plasmid DNA [pSVpaX⌬ expressing ␤-gal under the control of the early simian virus 40 promoter (18) , pEGFP-N2 expressing GFP under the control of the cytomegalovirus promoter (CLONTECH)] and esiRNAs (0.1-0.5 g͞l) as indicated in the figure legends were injected into different regions of the neural tube or other cavities of the embryo. Immediately after injection, Abbreviations: RNAi, RNA interference; siRNA, short interfering RNA; esiRNA, endoribonuclease-prepared siRNA; ␤-gal, ␤-galactosidase; dsRNA, double-stranded RNA; E, embryonic day. † F.C. and W.H. contributed equally to this work. § To whom correspondence may be addressed. E-mail: huttner@mpi-cbg.de or buchholz@ mpi-cbg.de.
five square electrical pulses of 30 V, 50 ms each at 1-s intervals, were delivered through platinum electrodes (7 mm diameter, 1 cm distance) mounted on plastic tweezers by using a BTX (San Diego) ECM830 electroporator. The orientation of the electric field was used to direct the uptake of the nucleic acids to specific regions of the neural tube or other organs. After electroporation, embryos were placed in a whole-embryo culture incubator (Ikemoto, Tokyo) and allowed to continue their normal development for 24 h in 0.5 ml per embryo of a 2:1 mixture of immediately centrifuged, heat-inactivated mouse serum (Harlan Sera-Lab, Crawley Down, U.K.) and DMEM in a continuous-flow atmosphere of 60% O 2 , 5% CO 2 , 35% N 2 (50 ml per min) (14) .
Light Microscopy. Embryos were fixed overnight at 4°C in 4% paraformaldehyde in 120 mM phosphate buffer, pH 7.4, equilibrated in 30% sucrose in PBS and embedded in Tissue-Tek. Cryosections (10 m) were prepared, permeabilized with 0.3% Triton X-100 in PBS, quenched with 10 mM NH 4 Cl, and subjected to immunohistochemistry according to standard procedures by using mouse monoclonal ␤-gal antibody (Sigma) and anti-mouse rhodamine-conjugated secondary antibody (Jackson ImmunoResearch) in PBS containing 5% BSA, 5% FCS, and 0.1% Triton X-100. In some experiments, unfixed embryos were embedded in low-melting agarose, and vibratome sections (150 m) were prepared, analyzed by fluorescence microscopy, fixed, and processed for fluorescence microscopy of cryosections as above. Images were collected by using IPLAB 3.5.1 software, and fluorescence of defined regions was quantified by using IMAGE 1.62.
Results and Discussion
By monitoring GFP expression from a plasmid with a constitutive promoter (pEGFP-N2) as an indicator of cellular nucleic acid uptake, we first examined the organ-and region-specific delivery of nucleic acid upon injection into the lumen of the neural tube at defined positions, followed by electroporation with the electric field in a desired orientation (Fig. 1a) . Indeed, analysis of E10 mouse embryos developing for a further 24 h in whole-embryo culture after the injection and electroporation showed that, depending on the segment of the neural tube injected and on the orientation of the electroporation electrodes, GFP expression could be directed to specific regions of the neuroepithelium ( Fig. 1 b- 
e).
We then investigated the use of siRNA to achieve RNAi on transfected DNA. For this purpose, two viral promoter-based expression vectors (see Methods) were used in combination, one (pEGFP-N2) driving GFP expression as a positive control and the other (pSVpaX⌬) driving ␤-gal expression as the target of RNAi. The two plasmids were coinjected into the lumen of the telencephalic neural tube of E10 mouse embryos and coelectroporated into the neuroepithelium, and the embryos were allowed to continue normal development in whole-embryo culture for a further 24 h. Analysis of GFP fluorescence and ␤-gal immunoreactivity showed that the coelectroporation of the two reporter genes was highly efficient because almost all neuroepithelial cells expressing GFP also expressed ␤-gal (Fig. 2 a-c and g ).
We generated endoribonuclease-prepared siRNA (13) covering a 1,365-nt stretch of the ␤-gal mRNA. In comparison to chemically synthesized siRNAs, esiRNAs have the advantage that screening for effective mediators of mRNA silencing is not necessary because the mixture of different siRNAs usually contains effective molecules. In addition, the use of a mixture of different siRNAs targeted against the same mRNA seems to increase the silencing efficiency (13) .
When ␤-gal-directed esiRNA was included together with the GFP-and ␤-gal-expression plasmids in the injection and electroporation of the neural tube of E10 mouse embryos, ␤-gal expression as observed after 24 h of whole-embryo culture was abolished in the vast majority of GFP-positive neuroepithelial cells (Fig. 2 d-g ). These results indicate the efficient delivery of esiRNA into neuroepithelial cells and the selective silencing of the targeted mRNA.
It was important to determine whether esiRNA and the present method of delivery to cells can be used to silence endogenous gene expression. For this purpose, we used (phenotypically WT) heterozygous embryos of a mouse knock-in line expressing GFP (carrying a nuclear localization signal) from the Tis21 locus (Tis21 ϩ/tm2(Gfp)Wbh ; W.H. and W.B.H, unpublished work). Tis21 is an antiproliferative gene that, during the development of the CNS, is specifically expressed in neurongenerating neuroepithelial cells (19) , with an onset of expression in the mouse telencephalon at E10. Hence, to study mRNA silencing, Tis21 is superior to a gene constitutively expressed in the neural tube, whose translation product would be present already before RNAi and might persist, making an evaluation of the effects of siRNA difficult. We therefore investigated the potential use of esiRNA for silencing endogenous gene expression during mouse development by monitoring the appearance of GFP fluorescence in the neuroepithelium of E10 Tis21 ϩ/tm2(Gfp)Wbh mouse embryos.
We generated GFP-esiRNA covering virtually the entire coding sequence (712 nt) of GFP (excluding the nuclear localization signal) in the mRNA transcribed from the knocked-in Tis21 locus. This GFP-esiRNA was directed into neuroepithelial cells in specific regions of the developing E10 mouse brain by topical injection into the lumen of the anterior neural tube and directed electroporation as above. The orientation of the electrodes was such (cathode-right͞anode-left) that the esiRNA would be electroporated selectively into neuroepithelial cells of the left half of the brain, with the right half serving as an internal positive control for Tis21 locus-driven GFP expression. Analysis of GFP fluorescence after 24 h of whole-embryo culture showed that, indeed, endogenous gene expression was prevented in those segments of the neuroepithelium targeted by the site of esiRNA injection (telencephalon or diencephalon), and that the silencing was selective for the left, anode-facing half of the brain (Fig. 3  a-d) . As judged from the GFP fluorescence per area, silencing in the most affected regions was almost complete (Fig. 3e) and even for the entire telencephalon or diencephalon was at least 70% efficient (data not shown). Because the total fluorescence in a given area is the product of the fluorescence per cell times the number of fluorescent cells, the latter number was also quantitated. This quantitation revealed a dramatic decrease in the number of fluorescent neuroepithelial cells in the affected region compared with the corresponding region on the contralateral side (Fig. 3 f-h) . However, we also observed that the esiRNA-triggered decrease in the number of fluorescent neuroepithelial cells (Fig. 3h) was slightly less than the reduction in total fluorescence per area (Fig. 3e) . Consistent with this observation, the few neuroepithelial cells in a silenced region that still expressed GFP seemed to show, on average, a lower level of fluorescence than the control GFP-expressing neuroepithelial cells, that is, those in the corresponding region on the contralateral side.
The percentage of silenced neuroepithelial cells observed on esiRNA-triggered RNAi of endogenous gene expression (Fig.  3h) seemed to be greater than expected from the proportion of neuroepithelial cells transfected on electroporation of the reporter plasmids, which was not more than half of the neuroepithelial cells in a given area (Fig. 2 a and b) . This finding may reflect a greater electroporation efficiency because the small esiRNAs may enter cells more easily than large plasmid DNA. Alternatively, the high proportion of silenced cells raises the possibility that some kind of cell-to-cell propagation mechanism of RNAi may exist in mammals, as is known to be the case for systemic RNAi in Caenorhabditis elegans (1, 20) .
Our results establish the use of esiRNA for specific mRNA silencing in the mouse embryo and document an approach to perform siRNA-triggered RNAi in a tissue-specific manner. They also extend recent reports (21, 22) showing siRNA-triggered RNAi in adult mice that appeared while the present work was being prepared for publication. Long dsRNA, which trigger the IFN response in most mammalian cells (4), have successfully been used for RNAi only in mouse oocytes and preimplantation embryos (23) (24) (25) due to the absence of the IFN response at these early developmental stages. The present demonstration of tissue-specific siRNA-triggered RNAi in postimplantation mouse embryos suggests that this powerful method can be used for investigating the function of individual genes in mammalian development. Our data showing that the knocking down of the protein of interest in the targeted cell population (the neuroepithelial cells) is dramatic (Ϸ90% on average, with the majority of cells showing no detectable expression), but not complete, as would be the case in a knockout mouse, does not invalidate this conclusion because numerous examples exist in which this degree of reduction in gene product has led to a loss-of-function phenotype (26) . It will be worthwhile to investigate whether even more efficient knocking down can be achieved by further optimizing the present experimental parameters.
Several aspects of the present experimental approach deserve comment. First, it should be noted that our combination of topical injection of esiRNA, directed electroporation, and whole-embryo culture as an approach to trigger and observe the effects of tissue-specific RNAi is not restricted to the developing CNS but can, in principle, be applied to various organs of the mouse embryo including those lacking internal cavities. In a separate set of experiments, we injected pEGFP-N2 into the cavity of the developing heart of E10 mouse embryos, without or with GFP-directed esiRNA, followed by electroporation and whole-embryo culture for 24 h. This procedure did not have any obvious effects on heart development and functionality. The presence of GFP-directed esiRNA prevented the GFP expression observed in the control heart (data not shown). In addition, nucleic acids have successfully been delivered into target cells by injection directly into the tissue (e.g., muscle) rather than into a cavity surrounded by tissue, followed by electroporation (27) .
Second, the present experimental approach is applicable at various developmental stages, because the start of whole-embryo culture of mouse embryos can be any time point between E7 and E12 (14) . Moreover, the current limitation of the whole-embryo culture period to about 2 days does not preclude the use of electroporation for tissue-specific delivery of siRNA in longterm studies of mouse development, because electroporation of mouse embryos can also be performed in utero (28, 29) . In this context, although the duration of esiRNA-triggered RNAi in the mouse embryo remains to be determined, this process lasted for up to 10 days in mammalian cell lines (13) , and in adult mice efficient silencing was seen for at least 4 days after siRNA administration (22) . In addition, it may be worth exploring the use of DNA templates expressing short hairpin RNAs (8) (9) (10) .
Third, we find it likely that mixtures of esiRNAs, targeting the mRNAs of various proteins, can be used at the same time. It is therefore conceivable that with the present approach, genomewide functional screens, such as those initiated in C. elegans by using long dsRNA (2, 3), will now be possible in the mouse to systematically investigate not only neurogenesis but also other aspects of mammalian development.
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